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http://www.biomedcentral.com/1471-230X/14/202RESEARCH ARTICLE Open AccessLiver regeneration: immunohistochemichal study
of intrinsic hepatic innervation after partial
hepatectomy in rats
Apostolos N Kandilis1, John Koskinas2, Ioannis Vlachos3, Spyridon Skaltsas3, Despina Karandrea5, Petros Karakitsos6,
Alkistis Pantopoulou3, Marina Palaiologou4, Nikolaos Nikiteas1, Dina G Tiniakos4,7* and Despina N Perrea3Abstract
Background: We examined the intrinsic hepatic innervation after partial hepatectomy (PH) in rats and the presence
and pattern of neural sprouting in regenerating liver.
Methods: Male Wistar rats (age 9–13 weeks-w, weight 204-356 g), were submitted to two-thirds PH. Rats were sacrificed
at postoperative days (d) 1, 3, 5, 7, at 2 and 4 w, and at 3 and 6 months (m) (6–7 animals/group, control group n = 4).
Immunohistochemistry for the pan-neural marker protein gene product 9.5 (PGP9.5) and growth-associated protein 43
(GAP-43), a marker of regenerating nerve axons, was performed on tissue sections from the R1 lobe of the regenerating
liver. Portal tracts (PTs) with immunoreactive fibers were counted in each section and computer-assisted morphometric
analysis (Image Pro Plus) was used to measure nerve fiber density (number of immuno-positive nerve fibers/mm2 (40x)).
Results: Immunoreactivity for PGP9.5 was positive in all groups. The number of PGP9.5 (+) nerve fibers decreased from
0.32 +/− 0.12 (control group) to 0.18 +/− 0.09 (1d post-PH group), and gradually increased reaching pre-PH levels at 6 m
(0.3 +/− 0.01). In contrast, immunoreactivity for GAP-43 was observed at 5d post-PH, and GAP-43 (+) PTs percentage
increased thereafter with a peak at 3 m post-PH. GAP-43 (+) nerve fiber density increased gradually from 5d
(0.05 +/− 0.06) with a peak at 3 m post-PH (0.21 +/− 0.027). At 6 m post-PH, immunoreactivity for GAP-43 was not
detectable.
Conclusions: Following PH in rats: 1) nerve fiber density in portal tracts decreases temporarily, and 2) neural sprouting in
the regenerating liver lobes starts at 5d, reaches peak levels at 3 m and disappears at 6 m post-PH, indicating that the
increase in hepatic mass after PH provides an adequate stimulus for the sprouting process.Background
The extraordinary ability of the liver to regenerate follow-
ing injury or resection is a property that was recognized
by ancient Greeks in the well-known myth of Prometheus
and the less known myth of Tityus [1]. Liver regeneration
is a very complex process involving the activation and
interaction of multiple cytokines and growth factors that
regulate cell growth and proliferation. During the regen-
erative process after partial hepatectomy (PH), liver cells* Correspondence: dina.tiniakos@ncl.ac.uk
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unless otherwise stated.continue to function, while undergo mitosis in order to
re-establish the organ’s mass. In the rat, restoration of
hepatic mass is completed in 5–7 days following PH,
whereas liver architecture in terms of sinusoidal ultra-
structure is restored in 10–14 days [2-6]. On the other
hand, little is known about the nerves in the regenerating
liver. Ungvary et al. were the first to study the effect of PH
on the monoaminergic nerves of the liver [7]. Pietroletti
et al. studied hepatic innervation in a rat model after PH
with the use of immmunohistochemistry [8], and Carobi
examined the possibility of neural sprouting in the regen-
erating rat liver following PH [9].
Hepatic re-innervation after experimental orthotopic
liver transplantation (OLT) has been studied in the pastl Ltd. This is an Open Access article distributed under the terms of the Creative
ommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
iginal work is properly credited. The Creative Commons Public Domain
g/publicdomain/zero/1.0/) applies to the data made available in this article,
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gene product 9.5 (PGP 9.5) and growth-associated protein-
43 (GAP-43) in rat models [10,11]. PGP9.5 belongs to the
ubiquitin carboxy-terminal hydrolases [12]. It is
expressed in neurons and neuroendocrine cells of ver-
tebrates, and is present within the axoplasm of both
peripheral and central nerve fibers, thus rendering it an
excellent marker for nerve axons [13]. An important
drawback of PGP9.5 is the lack of discrimination be-
tween normal and regenerating axons [11]. GAP-43 is a
protein exclusively expressed in the nervous system. Its
expression is related to axonal growth during neuronal
development and regeneration and, therefore, GAP-43
is a useful marker for developing or regenerating nerve
axons [14-16].
The present study was conducted to examine alter-
ations of the intrinsic hepatic innervation at several time
points following PH in rats, using the neuronal markers
PGP9.5 and GAP-43. In addition, the possible role of the
increase in hepatic mass after PH as an adequate stimu-
lus for neural sprouting was evaluated.
Methods
Fifty six male Wistar rats, with a mean weight of 283 g,
were purchased by the National Centre of Scientific Re-
search “DEMOKRITOS” (Athens, Greece). The animals
had free access to water and food, and 12 h before sur-
gery they were deprived only of food. Four/56 animals
were randomly chosen to consist the control group and
were not submitted to an operation, while the remaining
52 were submitted to two-thirds partial hepatectomy
(PH), according to Higgins and Anderson [17], under
ether anesthesia. Following PH, rats were sacrificed at
postoperative days (PODs) 1, 3, 5, 7, at 2 and 4 weeks,
and at 3, and 6 months post-PH. Each group consisted
of 6 or 7 animals. The liver was then removed en block
and crosscut, 3-mm-thick tissue specimens were ob-
tained from the anterior sub-lobe (R1) of the rat liver
right lobe [18].
The study was approved by the Ethics Committee of
the National and Kapodistrian University of Athens and
was carried out according to the strict regulations con-
cerning animal care set by this committee.Immunohistochemistry
Tissue blocks consisting of two or three crosscut speci-
mens from the R1 lobe were fixed for 24 h in 10% neutral
formalin and then were routinely paraffin-embedded. Five-
μm-thick serial sections were cut from each block and
were mounted onto poly-L lysine-coated slides. One sec-
tion/case was stained with haematoxylin and eosin stain
for conventional histological evaluation. Immunochemistry
was performed manually using the Novo Castra NovolinkPolymer Detection Kit, according to the manufacturer’s in-
structions. After deparaffinization and rehydration of the
sections in a series of graded ethanols, endogenous perox-
idase was quenched with 1% H2O2 in methanol for 30 mi-
nutes (min). After three 4-min treatments in 0.001 M
citrate buffer (pH = 6) in a microwave oven (800 W) for
antigen unmasking, sections were incubated overnight
in 4°C with the primary antibodies specific for PGP9.5
(Novocastra Laboratories, UK, mouse CLONE 1DA1,
diluted 1:100) and GAP-43 (Zymed Laboratories, USA,
mouse CLONE 7B10, diluted 1:150), followed by incu-
bation with the secondary antibodies coupled with
polymer-horseradish peroxidase (Novolink Polymer) for
25 min at room temperature. All steps were carried out
in a 0.25 M phosphate buffer saline (PBS; pH = 7.4) at
25°C. After being rinsed with tap water, sections were
counterstained with hematoxylin for 15 sec, dehydrated in
graded ethanols, cleared in xylene, mounted with DPX
(BDH, England), and coverslipped. A negative control, in
which the primary antibody was omitted, was used in
every case. Sections of the central nervous system of a rat
embryo were used as positive controls for both neuronal
markers, as previously reported [11].
Computer-assisted morphometric analysis of
immunoreactive nerve fibers
Morphometric variables were determined by image
analysis, using an IBM computer (IBM Computer, Inc.;
Armonk, NY). Images were captured with a Leica DM LB
microscope coupled to a Sony digital camera (DFW-X700)
and digitalized with Path-Sight version 4.3 (Medical Solu-
tions plc.; Nottingham, UK).
We examined a mean of 7 portal tracts (PTs) per sec-
tion (range 5–14). Each section was obtained from the
R1 lobe of the liver rat, 0.5-1 cm from the hepatic hilus.
Hot spot areas, i.e. PTs with positive immunostaining
were further analyzed using Image Pro Plus (Media Cy-
bernetics, Inc.; Silver Spring, MD). The size of the PTs
was not always small enough to fit entirely into one sin-
gle image (photograph) by the digital camera; therefore
serial images were taken, each of them consisting of a
variable number of immunostained nerve fibers. The
computerized system measured the number of nerve fi-
bers per mm2 in the hot spot areas of 40x objective/sec-
tion/region [19].
Statistical analysis
Data are expressed as mean ±1 standard deviation (S.D.).
The normality of the distributions was assessed with
Kolmogorov-Smirnov test and graphical methods. Com-
parisons between more than two groups were performed
with Analysis of Variance (ANOVA). In cases of multiple
hypothesis testing, Benjamini & Hochberg’s False Dis-
covery Rate (FDR) was utilized in order to assess
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wise error to <0.05. The GAP-43 and PGP9.5 models were
implemented using cubic B-Splines. All tests were two-
sided. Differences were considered as statistically signifi-
cant if the null hypothesis could be rejected with >95%
confidence (p < 0.05).Figure 1 Change in immunoreactivity for PGP9.5 following PH. A. Fluc
PGP 9.5 (+) nerve fibers/mm2.Results
Immunoreactivity for PGP9.5
PGP9.5-positive nerve fibers were detected during the
entire study period, with alterations in their density
(number of nerve fibers/mm2) and number of positive
portal tracts (PTs) (Figure 1A). In all instances, thetuation of percentage of PGP 9.5 (+) PTs, B. Fluctuation of density of
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ised exclusively in PTs (Figure 2). At POD 1, nerve fiber
density was substantially decreased at 0.180 (+/− 0.091) in
comparison to the control group (0.315 +/− 0.116) (p =
0.0507). Thereafter, density gradually increased to 0.220
(+/−0.084) at POD 3, 0.245 (+/− 0.995) at 1 week, 0.266
(+/− 0.044) at 3 months, and, lastly, reached the pre-
hepatectomy level at 6 months post-PH (0.30 +/− 0.013)
(Figure 1B).
Furthermore, at POD 1, the percentage of PGP9.5-
positive PTs was decreased to 46.42% (44.67 +/− 12.98)
from 58.62% (59.00 +/− 7.26) in the control group (p >
0.05) and gradually increased to 56.33% (56.14 +/−
7.358) at 6 months post-PH.Figure 2 Immunoreactivity for PGP9.5 (40x). A. Control group, Β. POD 1
1 month post-PH, H. 3 months post-PH, I. 6 months post-PH. Increased den
nerve bundles (arrows), as well as at 1, 3 and 6 months post-PH, in the formImmunoreactivity for GAP-43
GAP-43 immunoreactivity was absent in the control
group (0/4) and at POD 1 and 3. GAP-43 positive nerve fi-
bers were firstly identified at POD 5 in PTs of some speci-
mens (3/7), whereas no immunoreactivity was evident in
the control group (0/4) and at PODs 1 (0/6) and 3 (0/7).
Thereafter, GAP-43 was expressed in all specimens at 1
(6/6) and 3 (6/6) months post-PH. At 6 months post- PH,
no GAP-43-positive nerves (0/7) were detected (Figure 3).
Similarly to PGP9.5 immunostaining results, GAP-43-
specific immunopositivity was localised exclusively at PTs
(Figure 4). At POD 5, when GAP-43-immunopositivity
was first detected, the density of GAP-43-positive fibers
was 0.047 (+/− 0.060). It gradually increased to 0.095 (+/−, C. POD 3, D. POD 5, E. 1 week post-PH, F. 2 weeks post-PH, G.
sity of nerve fibers at the control group, in the form of dots and small
of dots (arrows) and nerve bundles (arrow heads).
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0.024) at 1 month, to reach a peak at 3 months (0.210 +/−
0.027) post-PH (Figure 3Α). The difference in density be-
tween the groups at POD 5 and 1 week post-PH was not
statistically significant (p > 0.05), whereas differencesFigure 3 Change in immunoreactivity for GAP-43 following PH. A. Flu
percentage of GAP-43 (+) PTs.between POD 5 and 2 weeks, 1 month and 3 months
post-PH were statistically significant at a level of p < 0.01,
p < 0.001, and p < 0.0001, respectively. No intraparenchy-
mal GAP-43-positive fibers were observed in either the
control or the experimental group.ctuation of density of GAP-43 (+) nerve fibers/mm2, Β. Fluctuation of
Figure 4 Immunoreactivity for GAP-43. A. POD 3 (40x), B. POD 5 (40x), C. 1 week post-PH (40x), D. 2 weeks post-PH (40x), E. 1 month post-PH,
F. 3 months post-PH, G. 6 months post-PH. No immuno-positive nerves at POD 3 and expression of GAP-43-positive fibers at POD 5 with
increased density at 1 and 2 weeks and 1 and 3 months post-PH, in the form of dots (arrows) and nerve bundles (arrows at F).
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was 8.43% (+/− 11.22), then increased steadily to 10.0%
(+/− 9.40) at 1 week, 17.57% (+/− 11,15) at 2 weeks,
21.33% (+/− 7.53) at 1 month to reach the highest level at
3 months (45.67% +/− 8.50) post-PH (Figure 3Β).
Discussion
We have shown that during liver regeneration after PH,
the number of PGP9.5-positive nerve fibers was de-
creased at POD 1 and subsequently gradually recovered
reaching the levels of the control group at 6 months.
Furthermore, PGP9.5-positive axons were present exclu-
sively in PTs of every specimen at all time points after
PH, whereas the expression of GAP-43 became positive
in PTs at POD 5, increased to a peak at 3 months, and
disappeared at 6 months post-PH.The exclusive co-expression of PGP9.5- and GAP-43-
positive nerve fibers in portal tracts is related to the spe-
cific nerve distribution in the rat liver. Intrahepatic
nerve distribution is highly species-dependant and the
most prominent feature in the rat is the lack of intra-
lobular innervation and mere presence of nerve fibers in
PTs [20]. In contrast, human liver shows high nerve
density in the lobules, while nerve fibers are also de-
tected in PTs [21].
The transient reduction of PGP9.5 positive axons early
after PH is in keeping with the results of Ungvary et al.
and can be attributed to the prevalence of liver cell pro-
liferation in order to restore the organ’s mass, proceed-
ing in a faster manner than the innervation of the
regenerating liver [7]. After examining the monoaminer-
gic nerve fibers, Ungvary et al. found no innervation at
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restoration of nerve density at 6 weeks post-PH. Such an
alteration was not encountered at the hepatic hilus,
where, on the contrary, increased innervation was ob-
served at POD 7 [7]. Hyperinnervation was also noted
by Pietroletti et al. in their immunohistochemical study
of the neuronal markers neuron specific enolase, neuro-
filaments and protein S-100 in rats after PH [8]. In
addition to the importance of the dual blood supply for
the optimal regenerative response, they detected more
intense immunoreactivity and more nerve fibers in the
group of hepatectomised rats at POD 10 compared to
the control group. This difference was attributed to the
higher neuronal metabolic rate during regeneration. The
limitation of this study was that it was conducted at one
time point after PH only (POD 10) thus restricting the
significance of the findings [8].
The expression of GAP-43, a neuronal marker expressed
in developing or regenerating axons, after PH is indicative
of the presence of neural sprouting in the regenerating
liver and indicates that the compensatory growth of the
hepatic mass is the triggering stimulant. The timing of
GAP-43 expression following PH is different than that of
the liver cellular components or angiogenic events during
the regenerative response. Hepatic mass and architecture
are restored by POD 14 [3], whereas GAP-43 immnunor-
eactivty showed delayed onset at POD 5 and termination
between 3 and 6 months post-PH. Ungvary et al. in 1974
were the first to study the effect of PH on liver innervation
and concluded that nerve regeneration takes place in the
regenerating organ, with the new neural elements growing
out from intact nerves [7]. Neural sprouting was examined
again in 1990, with the method of retrograde transport of
horseradish peroxidase (HRP) for the study of vagal affer-
ent neurons after PH in rats. At 3 weeks post-PH, no
neural sprouting was evident in the regenerating liver [9].
The expression of PGP9.5 and GAP-43 was studied
after OLT in rats and showed that hepatic reinnervation
occurs in the transplanted liver at the porta hepatis
[10,11]. The timing pattern of immunoreactivity has cer-
tain similarities to our study, with PGP9.5-positive axons
present during the entire study period, whereas GAP-43-
positive axons were present in some specimens at POD
3 and sustained until 3 months post-PH. No innervation
was noted in the liver parenchyma [10,11]. The human
transplanted liver, although inevitably denervated, main-
tains its function [22] and results from studies regarding
hepatic reinnervation have been controversial. Both
Dhillon et al. [23] and Boon et al. [24] have reported
possible hepatic reinnervation after liver transplantation,
while Kjaer et al. showed no evidence of liver sympa-
thetic nerve fiber regeneration [25]. The latter finding is
supported by a later study by May et al. who analysed
sympathetic activation induced by water drinking onpatients subjected either to OLT or to kidney transplant-
ation and found reduced plasma norepinephrine levels
in the OLT group after drinking water, implying im-
paired response to the stimulant due to liver graft de-
nervation [26].
Hepatic nerve regeneration has been studied using
GAP-43 immunohistochemistry in dogs following surgi-
cal denervation. GAP-43 positive nerve fibers were seen
at 1 month post-denervation and absence of expression
at 1 week and 3 months after the procedure was then
observed [27].
Our study is the first to examine the expression of
neuronal markers PGP9.5 and GAP-43 at several (n = 8)
time points post-PH. Most of the related literature to
date, with exception studies after OLT, originate from
studies on liver innervation based on few time points
only following either PH or surgical denervation. How-
ever, our study has certain limitations, namely the fact
that it is based only in immunochemistry without the
use of electron microscope and the porta hepatis was
not examined. Furthermore, although many time points
were used, it is difficult to reach to the general conclu-
sion that the peak of hepatic reinnervation occurs at
3 months, since the interval until 6 months post-PH,
when there is no expression of GAP-43, is quite long.
Conclusion
Our results have shown that during liver regeneration
after PH, the process of neural sprouting starts at POD
5 and terminates between 3 and 6 months post-PH. Tak-
ing into account the absence of intralobular innervation
in the rat and the exclusive expression of both PGP9.5
and GAP-43 in the PTs, neural sprouting is considered
to take place in the PTs of the regenerating liver. This
finding indicates that possibly new PTs are created to ac-
commodate the elongating nerve fibers. New PTs could
further lead to new lobules as part of the regenerating
response [28]. The question of new lobules or hyperpla-
sia of existing ones during liver regeneration still re-
mains and was addressed in the past by methods of
measuring the size and number of liver lobules with
conflicting results [29-33]. Further studies are needed to
examine if GAP-43, a neuronal marker exclusively
expressed in regenerating nerve axons and in PTs in the
rat, could be used as a marker of new PTs in the regen-
erating rat liver, in order to accommodate the elongating
nerve fibers, and further as a marker of new liver
lobules.
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